ABSTRACT: This work addresses the integrated optimization of both the plant-wide material processing system and the utility system for a polyvinyl chloride (PVC) plant. In the plant-wide material processing system, vinyl chloride monomer (VCM) production process and VCM polymerization process are optimized to determine production allocation and switching operation of parallel equipment as well as raw material supply arrangement. In the utility system, power generation/supply plan is determined by combined heat and power (CHP) units and the state grid.
INTRODUCTION
Polyvinyl chloride (PVC) is a major commercial polymer and is widely used as a raw material in various chemical and petrochemical products. 1 PVC production by calcium carbide method is mainly adopted in China which accounts for 76.2% share, because of the abundance in coal and shortage of gas and oil. 2 However, the calcium carbide method is known to be energy intensive, resulting in high energy consumption, high cost and serious pollution problem. Process system engineering methods, such as scheduling optimization and planning optimization, as effective ways to promote profit have received increasing attention from both the academic and industrial communities.
The scheduling problems of PVC polymerization process have been widely studied in the literature. A multi-objective problem of scheduling and simulation technology aimed to the batch or continuous production of a PVC factory was presented. 3 A software for on-line scheduling of and continuous operations based on continuous time algorithm was studied in order to minimize the makespan for PVC polymerization. 5 Then a mixed integer linear programming (MILP) model for multistage polymer plants was introduced considering changeover cost, inventory cost and back-logging cost in PVC reaction, extrusion and packaging stages aiming at maximizing total profit. 6 Moreover, the problems of polymerizing production, storage, packaging, and transportation process for PVC process optimization were studied considering inventory cost and demand delay cost. 1 Integrated scheduling for PVC production considering calcium carbide production, brine electrolysis process and polymerization of VCM was studied and an MILP model was constructed. [7] [8] The existing results of PVC production optimization mainly focused on PVC polymerization process to delivery process and few considered VCM production process.
Many considerations for optimal operation or equipment transformation in calcium carbide production sector [9] [10] [11] [12] , electrolysis sector [13] [14] [15] [16] and CHP sector [17] [18] [19] have been addressed in order to save energy. The integrated optimization has been used in water supply system 20 , multi-product CSTRs 21 and biopharmaceutical manufacturing systems 22 that could provide further benefits than separate systems. However, to the best of our knowledge, the integrated planning optimization of both material processing system and utility system (mainly refers to CHP sector and state-grid procurement in this case) for a PVC plant is missing in the literature.
In this work, a multi-period mathematical model involving the process operation and energy consumption for planning optimization of a real-world PVC plant is presented. Nonlinear energy consumption characteristics for the most energy-intensive processes, i.e. calcium carbide furnaces, electrolytic cells and CHP units, are researched respectively. The nonlinear energy consumption models are then embedded into an MINLP planning model.
The rest of this paper is organized as follows. Firstly, a typical PVC production process is 4 depicted in Section 2. Section 3 describes the optimization problem including energy and material consumption curves as well as equipment operation. The detailed plant-wide planning model is elaborated in Section 4. Two cases from a real-world plant are presented to verify the feasibility of the proposed MINLP model in Section 5, followed by conclusions in Section 6.
PROCESS DESCRIPTION
The typical flowchart of the PVC production process by calcium carbide method is shown in Figure 1 . There are two systems, i.e. utility system and material processing system. In utility system, the electricity supply comes from CHP units and the state grid. In material processing system, PVC production is composed by two sequential parts: one is the VCM production and the second is VCM polymerization. Hydrogen (H 2 ) and chlorine (Cl 2 ) are made from brine electrolysis on the cathode and the anode respectively in electrolytic cells and burn together to produce hydrogen chloride (HCL) in a synthesis furnace after cooled and dried. Calcium carbide is made of coke and lime in calcium carbide furnaces and after well-cooled and crushed, combined with water to produce acetylene (C 2 H 2 ). HCL together with C 2 H 2 are mixed in proportion in the mixer. Then VCM is obtained by conversion of HCL and C 2 H 2 . After purification, compression and distillation, fresh VCM is stored in the storage tank to be used in the following polymerization process. Different grades of PVC are obtained from polymerization reactors under different temperatures, pressures and additives. Unreacted VCM is separated and recycled to the VCM tank. The final PVC is stored in the storage bin. 
PROBLEM STATEMENT
The whole process shown in Figure 1 is considered. The electricity consumed by material processing system is supplied by a plant grid, whose electricity comes from both CHP units and the state grid. Steady electricity procurement from the state grid is preferred for the sake of grid stability. Penalty is exerted for the procurement fluctuation case. Given the varying product demands, optimal balance between self-produced electricity from the CHP units and electricity procurement from the state grid should be determined to minimize the overall cost. The coal consumption in terms of the electricity load exhibits strong nonlinearity for CHP units, as shown in Figure 2 . Moreover, there are distinct coal consumption characteristics for different CHP units.
That is to say, a specific nonlinear correlation model can be driven from operational data for a particular CHP unit. A reasonable distribution of electricity load for these CHP units to reach minimum coal consumption is of vital importance for the energy and material saving. The 6 prediction curves in the red line shown in the paper are obtained by polynomial regression using the collected data from the plant. The regression model structure (i.e. the polynomial order) is determined based on its first principle model curve. Then, the data-driven model training method is used to obtain the model parameters optimally. The mathematical expressions and fitting accuracy, in term of relative sum of squared errors (RSSE), for these curves are given in Supporting Information S1-S3. Calcium carbide process and chorine production process account for nearly 75% energy consumption(i.e. mainly refers to the electricity consumption) of total plant. 23 Figure 3 shows the typical energy consumption in terms of calcium carbide production rate for each calcium carbide furnace. The detailed curves for electricity consumption of calcium carbide furnaces are shown in Supporting Information S2. As shown in Figure 3 , it is clear that electricity consumption shows a nonlinear behavior. Multiple parallel calcium carbide furnaces with known processing capacities are utilized in a real-world plant, and moreover each furnace has its own particular electricity consumption characteristic. Therefore, under different production demands, there is large potential in electricity saving through optimally determining the working state and the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 production rate of calcium carbide furnaces. Similar with calcium carbide furnaces, electricity consumption characteristics of electrolytic cells also present a high nonlinearity shown in Figure   4 . The detailed functions and fitting accuracies of electrolytic cells are shown in Supporting Information S3. All these nonlinear energy consumption models are addressed in this paper in order of achieving the energy saving. (1) Only electricity consumption is considered in this study, partly because electricity is the major energy form compared to other energy, such as steam water and so on, and partly because there is much more potential to optimize the electricity.
(2) The impact of coal composition variation is ignored.
(3) The calcium carbide produced from different furnaces has the same quality, i.e. the same gas yield level. Because the quality variation caused by the operating conditions is small enough to be ignored for planning issue.
Those assumptions are approximately held in reality. Based on these assumptions, the mathematical model for this planning issue is detailed in the next section.
Given:
(1) A planning horizon and planning period; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (2) The production rate and operating state of calcium carbide furnaces, electrolytic cells, polymerization reactors and CHP units.
(3) The detailed supply of materials.
So as to:
Minimize the total cost, including the costs of raw materials, inventory, electricity consumption, the penalty of stockout and start-stop(start-up and shutdown) switching.
MATHEMATICAL MODEL
The plant-wide planning model defined as a multi-period MINLP has been modeled considering both material processing system and electricity generation/supply system.
Model of Delivery and PVC Storage
The inventory balance and inventory capacity constraints for different grades of PVC are expressed in equations 1 and 2 respectively. Equation 1 shows that final PVC inventory ‫ܫܯ‬ ,௪ is given as the balance on the previous inventory level ‫ܫܯ‬ ,௪ିଵ plus polymerization production amount ܲܶ ,௨,௪ minus delivery amount ܵ ,௪ . Equation 2 forces the current inventory level of i product to be bounded between minimum inventory capacity ‫ܫܯ‬ and maximum inventory capacity ‫ܫܯ‬ ௫ .
PVC's delivery should be no more than the demand, as shown in equation 3, so stockout state of PVC is considered. Penalty factor is introduced in the objective function for stockout state.
where ‫ܦ‬ ,௪ represents the market demand of PVC ݅ during ‫ݓ‬ week. 
Polymerization Process Model
According to market demands and inventory requirements, ܲܶ ,௨,௪ which denotes production for grade ݅ in polymerization reactor ‫ݑ‬ during ‫ݓ‬ week , shown in equation 4, should be determined firstly. Polymerization process is operated in a batch-wise manner with ‫ݕܿ‬ hours discharge period. Each polymerization reactor has its own fixed feeding quantity ‫ܵܨ‬ ௨ . Besides, taking one week as a planning period, the number of feeding batches ܰ ,௨,௪ is limited by equation 5.
where ߙ ,௨ denotes conversion rate of VCM to the PVC product ݅ in the polymerization reactor ‫.ݑ‬
VCM Process Model
According to the production of PVC, the corresponding consumption of VCM is expressed in equation 6. From the process flowchart, VCM is synthesized by HCL and C 2 H 2 . According to the strict chemical principle balance equation, the relationship between VCM, HCL and C 2 H 2 is formulated in equations 7-8. The inventory constraints of VCM are expressed in equations 9-10. 
C 2 H 2 and HCL Process Model
HCL is synthesized by Cl 2 and H 2 , while C 2 H 2 is obtained from CaC 2 . The planning optimization is medium or long term from weeks, months to years. For that time scale, the reaction process can be considered as complete and ideal. Then the output of HCL is proportional to the consumption of Cl 2 while C 2 H 2 is proportional to the consumption of CaC 2 , as shown in equations 11-12. The inventory capacity of gas holder for C 2 H 2 in reality is very limited and can be ignored, so we can consider that the output of C 2 H 2 is equal to the consumption of C 2 H 2 shown in equation 13 .
where ߛ denotes the transfer coefficient for output of HCL and consumption of Cl 2 , ߚ denotes the transfer coefficient for output of C 2 H 2 and consumption of CaC 2 .
Chlorine Process Model
Chlorine production is the primary step of PVC production process shown in equations 14-16.
Multiple parallel electrolytic cells with specific electricity consumption characteristics are considered. The output of Cl 2 is related to electrolytic cells' working state ܼ ௨,௪ , production rate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
It's clear that equation 14 is a bilinear term. We linearize it based on the method proposed by
You and Grossmann 25 . By introducing two auxiliary variables ܼܲ ଶ,௨,௪ and ‫ܺܣ‬ ଶ,௨,௪ , the equation 14 can be replaced as following equations (14-1) to .
is defined as maximum production rate of Cl 2 for equipment u in w week. Equations 17 and 24 are handled using the same methods.
Calcium Carbide Production Process
Calcium carbide production can be seen as a continuous process. The production is expressed in equation 17 which is related to calcium carbide furnaces' working state ܼ ௨,௪ , production rate ܲ ଶ,௨,௪ and production time ܶ ଶ . The limit for production rate of calcium carbide furnaces is expressed in equation 18. Calcium carbide is stored in storage bin and inventory limit is expressed in equations 19-20. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Power Consumption and Generation
In this paper, the electricity consumption of calcium carbide furnaces and electrolytic cells are the main energy consumption form of the total plant. The nonlinear relationship between electricity consumption and production rate of Cl 2 or CaC 2 is given respectively in Section 3. 
Raw Material Constraints
The inventory balance and inventory capacity constraint for raw materials are shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 equations 26-27 respectively. Equations 28-31 denote the consumption of each raw material. The coal consumption is nonlinear with the load of CHP units as Section 3 presented. ݂ ௨ ൫ܲ‫ݓ‬ ௨,௪ ൯ is the model in Figure 2 .
where ߜ denotes the transfer coefficient for output of CaC 2 and consumption of coke; ߝ denotes the transfer coefficient for output of CaC 2 and consumption of CaO; ߳ denotes the transfer coefficient for output of Cl 2 and consumption of salt.
Start-Stop Operation of Calcium Carbide Furnaces, Electrolytic Cells and CHP Units
Frequent start-stop operations affect the manufacturing process and cause excessive but unnecessary energy loss, which should be minimized. The binary variable ‫ܨܼ‬ ௨,௪ =1 denotes the occurrence of start-stop operation in u equipment during w week and w+1 week. The binary variable ܼ ௨,௪ =1 denotes working state of u equipment in w week; ܼ ௨,௪ =0 means idle state of u equipment in w week. Clearly, if there is no working state switch, i.e. ܼ ௨,௪ = ܼ ௨,௪ାଵ , the state switching variable ‫ܨܼ‬ ௨,௪ will be zero because it is penalized in objective function. However, if there is working state switch, which means that ܼ ௨,௪ ≠ ܼ ௨,௪ାଵ , i.e. ܼ ௨,௪ = 1, ܼ ௨,௪ାଵ = 0 or ܼ ௨,௪ = 0, ܼ ௨,௪ାଵ = 1, ‫ܨܼ‬ ௨,௪ will be one to follow the constraints 32-33. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ZF ௨,௪ + ܼ ௨,௪ ≥ ܼ ௨,௪ାଵ ‫ݑ∀‬ ∈ ‫,ܣܨ‬ ‫ݓ‬ ∈ ܹ (33)
Objective Function
The objective described in equation 34 aims at minimizing the overall cost, which includes the costs of raw materials (i.e. coke, coal, salt and lime), stockout penalty, inventory (i.e. PVC inventory, VCM inventory, calcium carbide inventory and raw material inventory), the start-stop switching penalty and electricity consumption.
where ‫ܯܴܥ‬ denotes the price of raw material r; ‫ݕܲ‬ is stockout punishment for product i; ‫ܫܥ‬ , ‫ܫܥ‬ , ‫ܫܥ‬ ௩ and ‫ܫܥ‬ ଶ is inventory cost for PVC product i, raw material r, VCM and Ca‫ܥ‬ ଶ respectively; ‫ܨܥ‬ ௨ denotes start-stop operation cost for equipment u; ‫ܧܥ‬ is the price of procurement electricity from the state grid.
CASE STUDY
To verify the applicability of proposed model, two planning optimization cases originated from a real-world PVC plant in China are provided here, which has 20 polymerization reactors, 20 calcium carbide furnaces and 4 groups' electrolytic cells with 6 pieces in each group. The weekly demands of five different PVC products are shown in Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The model statistics are shown in Table 2 .The optimality tolerance is set to 1% and the computational time limit is set to 4 hours for these two models to make a fair comparison. From Table 2 , it is clear that the separate model method can obtain the result with the lower optimality gap, because several small-scale and thus easy-to-solve sub-models are solved for this method comparing with the integrated model method. How to reduce the optimality gap and improve the solution quality of the proposed integrated model is under our further research. 
Results Explanation of Case 1
Case 1 is used to explain the detailed results of proposed model. The total cost is 166,392,500
CNY. The total charge amount of polymerization reactors is shown in Figure 5 and the inventory of PVC is depicted in Figure 6 . From the analysis of Figure 5 and 6, production of PVC meets the given demands and no stockout occurs. All polymerization reactors produce 17,203.2 t per week at full capacity. The total demands in the 3 rd and 4 th weeks exceed the maximum production of the plant. In order to satisfy the demands in the 3 rd and 4 th weeks, the inventory of PVC in the 2 nd and 3 rd weeks is large. The inventory of VCM and calcium carbide are shown in Figure 7 and 8 respectively. The detailed production of polymerization reactors is shown in Figure 9 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 Table 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The working states of electrolytic cells during the planning time horizon are shown in Table 4 .
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As we can see, electrolytic cells 1#-6# and 13#-24# are working while 11# and 12# are idle during the horizon. Electrolytic cell 7# works in the 1 st week and then shuts down in the 2 nd week.
Electrolytic cells 7#-9# start up in the 3 rd week and shut down in the 6 th , 4 th and 5 th weeks respectively. Electrolytic cell 10# starts up in the 9 th week and works until the end of the horizon.
The typical production rate curves of electrolytic cells are shown in Figure 11 and the detailed curves are shown in Supporting Information S6. The lowest production rate is 1t/h for electrolytic cells 6#-12# and the rest is 0.5t/h. The highest production rate is 3t/h for all 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electrolytic cells. Figure 11 (a) and 11(b) show that the electrolytic cells work during the horizon and the production rate can change. Figure 11(c) shows the idle situation of electrolytic cells and Figure 11 (d) performs start-stop switching operations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Figure 11 . Production rate curves of different electrolytic cells.
The power of CHP units is shown in Figure 12 . Electricity consumption and supply are shown in Table 5 .The maximum power of CHP unit 1# and CHP unit 2# are 145MW and 140MW
respectively. The minimum power of CHP 1# and CHP 2# are 105MW and 100MW respectively.
Two CHP units work simultaneously during the horizon, so there is no start-stop switching operation. In the 3 rd and 4 th weeks, two CHP units work at full capacity and electricity procurement is also needed. In the rest of weeks, the electricity generated from CHP units meets electricity consumption from the plant-wide material processing process and there is no need to purchase electricity from the state grid. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 
Comparative results
To verify the effectiveness of integrated model we proposed above, the model is compared to the separate model, i.e. polymerization reactor sector, electrolytic cell sector, calcium carbide sector and utility system respectively. The total cost includes energy cost, inventory cost, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 material cost, stockout cost and switching cost. Energy cost includes electricity procurement cost and coal consumption cost. Table 6 and 7 show the comparisons between the integrated model and the separate models.
From the data listed in the Table 6 , it's clear that the integrated model is superior to the separate model in total cost and energy cost. The total cost of integrated model is 2.6% less than the separate model. The energy cost of integrated model decreases 5.1% compared to the separate model. The main reason for energy saving is the truth that the integrated model has the potential to optimize it in a global horizon. The integrated model globally pursues the working state and production rate of units as optimal as possible to reduce their energy cost. The result shows that the switching cost of integrated model is more than the separate model. Due to the varying PVC demands in each weeks, the integrated model will compromise between the switching cost, inventory cost and each units' energy cost and choose the optimal production rates in most appropriate units that may lead to large switching cost.
From Table 7 , the total cost and energy cost of integrated model are also less than the separate model by 4.1% and 8.0% respectively. The electricity procurement cost, material cost and switching cost decrease by 99.5%, 0.2% and 53.5% respectively. But the inventory cost and coal cost of integrated model are more than separate model. Due to the low inventory cost, the solution by the integrated model will prefer stabilizing the working state and production rate in order to save energy. Inevitably, a higher inventory cost is resulted.
From case 1 and 2, the average decrease of total cost is 3.35% and the average decrease of energy cost is 6.55%. So it is necessary to propose an integrated plant-wide material processing system and utility system for planning optimization to acquire optimal benefit. It is clear that changing demands affect the saving cost from the proposed integrated model comparing with the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 separate model, and the cost saving quantity may be case specific. But the proposed integrated model method is superior to the separate model method. 
CONCLUSION
This paper has addressed the integrated optimization of both plant-wide material processing 
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